We present systematic theoretical investigations to explore the microscopic mechanisms leading to the formation of antiferromagnetism in Ru2MnZ (Z= Sn,Sb,Ge,Si) full Heusler alloys. Our 
attempts have been made to increase the Néel temperatures of these compounds by producing strained epitaxial films 17 .
The quite low critical temperatures of the known X2MnZ AFM Heusler alloys have at least two main reasons. The first reason is the ferromagnetic character of the 1 st NN Mn-Mn coupling found in first principles calculations. In Ref. [19] the first three NN exchange couplings in the Ru2MnZ series have been estimated from total energy calculations for a few ordered magnetic configurations. It has been concluded that the 1 st NN interaction is ferromagnetic and the stabilization of the AFM structure occurs due to almost equally strong 2 nd NN exchange coupling of AFM character. Another source of the low critical temperatures of AFM Heusler alloys is the magnetic frustration that can naturally occur on an fcc lattice. In particular, the Ru2MnZ compounds exhibit a very special and rare type of AFM order on fcc lattice, the so-called 2 nd kind of AFM structure 18 . As visualized in the lower panel of Fig. 1 , in this type of ordering each of the four simple cubic lattices constituting the fcc lattice have a checkerboard AFM order, but the mutual inter-sublattice orientation of the magnetic moments is completely frustrated. Within the Heisenberg model this frustration can only be resolved by quantum effects and it has been subject of a number of theoretical investigations 20, 21 .
In this work we present a thorough first-principles study of antiferromagnetism in the Ru2MnZ series of Heusler alloy. We pay particular attention to the effects of chemical and magnetic disorder on the calculated exchange constants and on the magnetic frustration. The influence of disorder on the magnetic transition temperature in Heusler alloys was studied on a similar level of accuracy only in Ref. [22] in case of the half-Heusler NiMnSb alloy, where the importance of the non mean-field treatment of the chemical disorder within a Heisenberg model has been pointed out. This obviously applies to the Ru2MnZ full Heusler alloys with non-trivial AFM ordering. The magnetic features related to the special AFM ordering will be discussed for the case of the Ru2MnSb compound in details. We found that in case of Z = Si the experimentally observed chemical anti-site disorder on Mn and Si sublattices considerably reduces the Néel temperature, opening the way for a sample improvement in terms of a suitable heat treatment. In case of strongly disordered Ru2MnSi compound, close to the disordered B2 phase, our study predicts a transition to a complex AFM structure essentially different from the 2 nd kind of AFM ordering.
II. Computational details
We performed first principles investigations within the Local Spin-Density Approximation 23 by using the Korringa-Kohn-Rostoker (KKR) band structure method in the Atomic Sphere Approximation (ASA) 24, 25 , where the partial waves were expanded up to lmax=3 (spdf -basis)
inside the atomic spheres. We used the experimental lattice constants of the L21 lattice structure of the considered alloys1 as listed in Table 1 . Since our main goal is to estimate the Néel temperature and the formation of the magnetic order at elevated temperatures, we determined the electronic structure self-consistently in the paramagnetic phase of the considered systems modeled within the Disordered Local Moment (DLM) scheme in the scalar relativistic approximation 26 . Atomic disorder between the Mn and Z sublattices was treated as a random binary alloy, Ru2(Mn1-xZx)(Z1-xMnx) for 0  x  0.5 by using the single-site Coherent Potential Approximation (CPA) 25 . As what follows, we shall denote the Mn atoms on the sites of the nominal (original) Mn sublattice by Mn(S), whereas those on the sites of the nominal Z sublattice by Mn anti-sites, Mn(AS).
The magnetic properties of the Ru2MnZ Heusler compounds can well be described by the classical Heisenberg Hamiltonian, with probability x. The isotropic exchange interactions, Jij, were evaluated from the DLM reference state in the spirit of magnetic force theorem 27 as implemented within the bulk KKR method 28 . The use of the DLM reference state in the calculations of the exchange interaction constants allows for an account of the influence of the thermal magnetic disorder on the electronic structure and on the interatomic exchange interactions, thus, for a more precise estimation of the magnetic ordering temperature (see, e.g. Refs. [22, 29, 30, 31] ).
In order to study finite temperature magnetic properties we performed Monte Carlo simulations with the spin-Hamiltonian (1) using 16x16x16 primitive cells of the underlying magnetic fcc lattice (a cluster of 4096 Mn atoms) with periodic boundary conditions. For the simulations of the chemically disordered Ru2MnSi alloys, 12x12x12 cells of both the Mn and Si fcc sublattices, i.e. in total 3456 sites, were randomly filled with Mn atoms according to their partial occupation numbers. Note that in the Monte-Carlo simulations we considered a spin-model with exchange interactions up to the 20 th NN shell.
III. Fully ordered L21 alloys
First we performed calculations as outlined above for the Ru2MnZ compounds in the fully ordered L21 structure. The calculated local moments of the Mn atoms, the first three nearest neighbor Mn-Mn exchange interactions and the Néel temperatures obtained from Monte-Carlo simulations are summarized in Table I . The Néel temperatures are compared with the experimental values shown in the last row of Table I . As can be inferred from Table I In ordered Ru2MnZ alloys the magnetic Mn atoms fully occupy one of the four interpenetrating fcc sublattices of the L21 structure. Thus the AFM ordering occurs on a magnetically frustrated fcc lattice. From earlier experiments 18 it is known that the magnetic structure corresponds to the 2 nd kind of AFM order that occurs due to the strong 2 nd NN AFM coupling, for which a p-atom takes place between the two Mn atoms. Thus, the p-elements lead to a strong enhancement of the 27 over the direct total energy mapping using a limited number of magnetic configurations in case of metallic magnets with long-range exchange interactions.
One can see from Table I 
IV. Effects of magnetic frustration
The magnetic order in Ru2MnZ alloys can be understood on the basis of four interpenetrating simple cubic lattices constituting an fcc lattice, each of them possessing a checkerboard AFM order. The mutual orientations of the sublattice moments are frustrated and this frustration is even not removed by considering more distant interactions beyond the third NN shell. In this Section we illustrate the manifestation of frustration effects in the finite temperature spin-spin correlation functions. As an example we take the Ru2MnSb compound, which exibits a very high degree of chemical order 18 . The spin-spin correlation function for the n th nearest neighbour shell is defined as,
where the first sum runs over N translation vectors of the fcc lattice, ⃗⃗ , the second sum is taken over the Nn translation vectors, ⃗⃗ , spanning the n th shell, and   stands for the statistical average. Quite obviously, these correlation functions provide information on the magnetic short range order in the system.
It can be easily shown that, in the ordered 2 nd kind of AFM structure, the spin-spin correlation (1) and c (5) . As can be seen, these correlation functions take a finite value well above the critical temperature in the paramagnetic phase and, when the system is cooled down, they even gradually increase. Upon the onset of AFM order below the critical temperature, the respective short range order rapidly decreases and vanishes at zero temperature. A detailed discussion of the magnetic short range order in the paramagnetic phase can be found in Ref. [ 33] , where a similar analysis of the spin-spin correlation functions was performed for the AFM GdPtBi half-Heusler alloy.
IV. Effects of chemical disorder on the magnetism in Ru2MnSi
In order to properly describe the magnetism in Ru2MnSi we took into account the partial a weak disorder found in the experimental samples 18 . In addition, we can conclude that the Néel temperature of Ru2MnSi can be increased above the room temperature by producing the samples with better L21 order.
Note, that in case of partially ordered alloys the underlying magnetic sublattice is simple cubic.
As the number of Mn atoms on the Si sublattice increases, the strong FM Mn(S)Mn(AS)
interactions start to play a dominant role and finally the simulations predict the formations of a complex random AFM structure being quite different from the initial 2 nd kind of AFM ordering on the fcc lattice. This AFM phase stabilizes on a strongly disordered simple cubic (sc) lattice and it doesn't correspond to any type of AFM collinear ordering on a chemically ordered sc 
